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Temporal Filtering of Nociceptive Information by Dynamic
Activation of Endogenous Pain Modulatory Systems

Marc D. Yelle, Yoshitetsu Oshiro, Robert A. Kraft, and Robert C. Coghill

Department of Neurobiology and Anatomy and Division of Radiological Sciences, Wake Forest University School of Medicine, Winston-Salem, North
Carolina 27157-1010

Endogenous pain control mechanisms have long been known to produce analgesia during “flight or fight” situations and to contribute to
cognitively driven pain modulation, such as placebo analgesia. Afferent nociceptive information can also directly activate supraspinal
descending modulatory systems, suggesting that these mechanisms may participate in feedback loops that dynamically alter the pro-
cessing of nociceptive information. The functional significance of these feedback loops, however, remains unclear. The phenomenon of
offset analgesia— disproportionately large decreases in pain ratings evoked by small decreases in stimulus intensity—suggests that
dynamic activation of endogenous pain inhibition may contribute to the temporal filtering of nociceptive information. The neural
mechanisms that mediate this phenomenon remain currently unknown. Using functional magnetic resonance imaging, we show that
several regions of the midbrain and brainstem are differentially activated during offset analgesia. These activations are consistent with
the location of areas such as the periaqueductal gray (PAG), rostral ventral medulla, and locus ceruleus that have substantial roles in
descending inhibition of pain. This transient analgesia contributes to the temporal filtering of nociceptive information by producing a
perceptual amplification of the magnitude and duration of decreases in noxious stimulus intensity. Together with the involvement of PAG
and associated brainstem mechanisms in cognitively generated analgesia, the present observations suggest that the fundamental role of
endogenous pain modulatory mechanisms is to dynamically shape the processing of nociceptive signals to best fit with the ever-changing

demands of the environment.

Introduction

The midbrain and brainstem have long been known to contribute
to top-down modulation of neuronal activity in spinal cord (Ber-
nard, 1858; Sherrington and Sowton, 1915). One of the most
crucial midbrain regions involved in descending control of pain,
the periaqueductal gray (PAG), integrates afferent input from the
spinal cord, cerebral cortex, as well as numerous brainstem nuclei
(Beitz, 1982; Mantyh and Peschanski, 1982; Marchand and
Hagino, 1983; Liu, 1986; Millan, 2002; Sillery et al., 2005). Effer-
ent information from the PAG can then be transmitted directly to
the spinal cord or can reach the spinal cord indirectly via brain-
stem regions such as the rostroventral medulla (Hamilton and
Skultety, 1970; Mantyh and Peschanski, 1982; Mantyh, 1983a,b).
Stimulation of the ventrolateral PAG results in antinociception
and analgesia in animal and human studies (Mayer et al., 1971;
Hosobuchi et al., 1977), whereas disruption of descending con-
trol systems is associated with chronic pain (Lautenbacher and
Rollman, 1997; Staud et al., 2003a; Julien et al., 2005; Yarnitsky et
al., 2008).

Received Sept. 28, 2008; revised April 2, 2009; accepted July 3, 2009.

This study was supported by National Institutes of Health Grants NS 39426 and DA20168. Special thanks to Dr.
Paul Laurienti for his insightful suggestions regarding statistical analysis. We also thank the FMRIB (Functional
Magnetic Resonance Imaging of the Brain) Image Analysis Group (Oxford University, Oxford, UK) for the FSL analysis
software used in this study.

Correspondence should be addressed to Dr. Robert C. Coghill, Department of Neurobiology and Anatomy, Wake
Forest University School of Medicine, Winston-Salem, NC 27157-1010. E-mail: rcoghill@wfubmc.edu.

DOI:10.1523/JNEUR0SCI.4648-08.2009
Copyright © 2009 Society for Neuroscience  0270-6474/09/2910264-08$15.00/0

Spinal cord neurons in lamina I, V, as well as VI, VIII, and X
project to the PAG (Swett et al., 1985; Pechura and Liu, 1986;
Harmann et al., 1988), and, although these projections are rela-
tively sparse, they appear to be functional. For example, periph-
eral nerve stimulation (PNS) can cause analgesia that may result
from activation of descending noradrenergic pathways (Men and
Matsui, 1994). Many of the PAG neurons that can be activated by
PNS can also be activated by noxious cutaneous stimulation
(Eickhoff et al., 1978). Together, this anatomic and physiologic
evidence suggests that the spinal input to the PAG can create a
dynamic inhibitory feedback circuit through a spinal-supraspinal—
spinal loop (Swett et al., 1985). Moreover, the ascending projec-
tions of the PAG also provide a substrate for a feedforward
inhibition by targeting regions of the thalamus important in af-
ferent nociceptive processing (Mantyh, 1983a). Both feedback
and feedforward inhibition could contribute to the temporal
and/or spatial filtering of nociceptive afferent information as it is
relayed to higher sensory areas (Le Bars et al., 1979; Jones, 1992;
Willis and Westlund, 1997). However, the involvement of endog-
enous inhibitory systems in the spatial and temporal filtering of
nociceptive information remains poorly understood.

The phenomenon of offset analgesia provides a novel para-
digm to investigate temporal filtering of nociceptive information
and afferent signal-driven pain modulation (Grill and Coghill,
2002; Yelle et al., 2008; Derbyshire and Osborn, 2008). Offset
analgesia is the disproportionately large decrease in perceived
pain intensity evoked by slight decreases in stimulus intensity.
This amplification of the perceptual representation of such small



Yelle et al. @ Temporal Filtering by Dynamic Pain Modulation

decreases in stimulus intensity is consistent with the action of a
mechanism that produces dynamic temporal sharpening of no-
ciceptive information (Yelle et al., 2008). To determine whether
midbrain and brainstem regions known to be involved in the
modulation of pain contribute to the temporal filtering of noci-
ceptive information during offset analgesia, we examined su-
praspinal activity in human volunteers using functional magnetic
resonance imaging (fMRI).

Materials and Methods

Subjects. All subjects (eight female, seven male) were right-handed,
healthy, normal subjects between the ages of 21 and 34 years (25.88 *
0.98 years, mean = SEM) and had no history of chronic pain or any
neurological disorder and no detectable MRI contraindications. Subjects
were asked not to take any analgesics within 48 h of the study. All female
subjects reported using a reliable method of birth control and were not
pregnant while participating in this study. The Institutional Review
Board at Wake Forest University School of Medicine approved all pro-
cedures used in this experiment. Before participating in this study, every
subject gave written, informed consent acknowledging that they (1) un-
derstood all methods and procedures used in the experiment, (2) would
experience painful stimuli and undergo an MRI scan, and (3) were free to
withdraw from the study at anytime.

Psychophysical training and assessment. Subjects reported to the labo-
ratory for psychophysical training before their MRI session. Thermal
stimuli were delivered via a 16 X 16 mm Peltier device attached to the
posterior aspect of the left lower leg (TSA-II; Medoc). Subjects were first
presented with four series of eight thermal stimuli (35°C, 43—49°C, 5 s) to
familiarize them with using a trackball-controlled computerized visual
analog scale (VAS) (verbal end points of “no pain sensation” and “most
intense pain sensation imaginable”) (Price et al., 1994; Koyama et al.,
2004).

Subjects then were presented with four different series of thermal stim-
uli that were identical to those used for functional imaging. Each series
consisted of four stimulus epochs: two 30 s constant 49°C stimuli and two
three-temperature stimulus trains (T1 = 49°C, T2 = 50°C, and T3 =
49°C) (Fig. 1). Offset analgesia is evoked by the 1°C decrease from 50 to
49°C in the three-temperature stimulus train. The duration of each tem-
perature in the three-temperature stimulus trains was varied to minimize
the effects of expectation (T1 = 6-9s, T2 = 7-8 5, and T3 = 13-17 s).
However, each stimulus train had a total duration of 30 s. The order of
each stimulus epoch within the thermal series as well as the order in
which these series were presented to subjects was pseudorandomized to
further minimize the effects of expectation. Additionally, the thermal
probe was moved after each stimulus series to a completely distinct yet
adjacent area of skin.

Structural and functional imaging. Subjects underwent functional im-
aging while being presented with noxious thermal stimulation on their
left lower leg. The MRI session lasted ~2 h. Each MRI series consisted of
four thermal stimuli in a classic block design. Each of the four experi-
mental thermal series, described in psychophysical assessment and train-
ing section above, was presented to each subject twice: once it was rated
on a computerized VAS and once without being rated. Subjects were
instructed to lie in the scanner and were outfitted with MRI-compatible
video display goggles, headphones, and a trackball. Subjects received cues
through the headphones from the control room. During trials in which
subjects were required to give pain ratings, subjects were instructed to
open their eyes and provide real-time pain intensity ratings on the VAS
projected in the goggles by moving the trackball. During unrated trials,
subjects were asked to keep their eyes closed. Preliminary analyses indi-
cated that pain-related activation was similar between rated and unrated
trials, so these data were combined for all analyses.

Blood oxygenation level-dependent (BOLD) signal was used to assess
regional brain activation. Functional data were acquired ona 1.5 T Gen-
eral Electric echo-speed Horizon LX scanner with a birdcage head coil
(GE Medical Systems). Each fMRI series lasted 3 min and 12 s and con-
sisted of 96 individual scans acquired using echo-planar imaging [echo
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Figure 1. Time course of stimulus temperature, BOLD signal in the PAG, and pain intensity

ratings. The 1°C temperature decrease in the three-temperature stimulus paradigm (top) was
varied from ~16 to 20 s after the initiation of the stimulus train to minimize effects attributable
to expectation. Because the durations of all three temperatures were varied, data from 4 s
before the temperature decrease to 13.5 s after the temperature decrease represent the mini-
mal time period at which all permutations of the stimulus train delivered equal temperatures
(period between vertical planes). Accordingly, both pain intensity ratings (middle) and BOLD
signal in the PAG (bottom) were averaged in this time window, with the time of the tempera-
ture decrease set to 0 s. The 1°C temperature decrease evoked a 22.53% decrease in pain
intensity ratings of the three-temperature stimulus (light gray diamonds) relative to the same
time point during the constant 49°C stimulus (black circles). This decrease in pain ratings was
associated with a statistically significant increase in the BOLD signal intensity of the PAG during
the three-temperature stimulus (light gray diamonds) relative to that of the constant 49°C
stimulus. BOLD signal was normalized to the first 20 s of the first rest period in each MRI series.
All data displayed are derived from the mean == SEM response of all subjects.

time (TE), 40 ms; repetition time (TR), 2 s; 28 X 5 mm thick slices; 3.72 X
3.75 mm in-plane resolution; flip angle, 90° no slice gap].
High-resolution structural scans were used to determine the location
of functional changes in BOLD signal and, additionally, were used to
generate a region of interest (ROI) of the periaqueductal gray. Structural
scans were acquired using a three-dimensional (3-D) fast spoiled gradi-
ent recalled echo sequence with inversion preparation (inversion time,
600 ms; TR, 9.1 ms; flip angle, 20°% TE, 1.98 ms; matrix, 256 X 196; 124
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1.5 mm slices; in-plane resolution, 0.9375 X 0.9375 mm; field of view,
24 X 24 cm).

Image processing. For image processing and statistical analysis, the
functional image analysis package FSL [Center for Functional Magnetic
Resonance Imaging of the Brain (FMRIB), University of Oxford, UK]
was used. The functional data were motion corrected, spatially smoothed
by a 5 mm full-width at half-maximum 3-D isotropic Gaussian kernel
and temporally filtered (Gaussian-weighted least-squares straight line
fitting, with o = 37.5 s). Intensity normalization was applied to each
functional image to minimize effects of global signal fluctuations. The
functional data were registered to their structural data using a seven-
parameter linear 3-D transformation and then were transformed into
standard stereotaxic space (Talairach and Tournoux, 1988) using a 12-
parameter linear 3-D transformation (Jenkinson and Smith, 2001).

Region of interest analysis. To test the hypothesis that activation of
descending control systems occurs during offset analgesia, an ROI anal-
ysis was performed on the periaqueductal gray. This ROI was identified
on the average structural image of all 15 subjects using anatomical land-
marks with the reference of a detailed atlas and excluded the cerebral
aqueduct (Duvernoy, 1995). A repeated measures ANOVA was used to
determine whether activity within this region was significantly greater in
the 8 s after the 1°C decrease from 50 to 49°C in the three-temperature
stimulus train than during analogous time points in the constant tem-
perature stimuli.

Assessment of regional brain activation during offset analgesia. To deter-
mine which brain areas outside of the PAG exhibited either increased or
decreased activity during offset analgesia, all voxels within the brain were
examined with a conventional general linear model-based statistical
analysis. To accomplish this, two regressors [explanatory variables
(EVs)] were constructed for each of the four thermal series. These two
regressors (EVs) were designed to directly contrast offset analgesia-
related brain activation with pain-related brain activation. The offset
analgesia regressor was set to —1 during rest periods and +1 during the
10 s after the decrease is stimulus intensity from T2 (50°C) to T3 (49°C).
All other time points were set to zero (no interest). This regressor there-
fore contrasts offset analgesia-related activation with resting activation.
The second regressor was designed to contrast pain-related activation
(time matched to the offset analgesia regressor in the three-temperature
stimulus epochs) with resting activation. Therefore, rest periods were set
to —1, and pain (during the same temporal window as the offset analgesia
regressor) was set to +1; all other time points were set to 0 (no interest).
Each model was convolved with a gamma function (3 s SD, 6 s lag) to
better approximate the hemodynamic response.

Statistical analyses were performed using the improved linear model of
FMRIB (Woolrich et al., 2001). For each individual, fixed effects general
linear modeling (GLM) analyses were conducted using the regressors
described above to identify brain activation associated with the modeled
hemodynamic response function (Woolrich et al., 2001). Contrasts were
constructed using these regressors to examine offset analgesia-related
activation, pain-related activation, and differences between offset anal-
gesia and pain. A Bayesian estimation method was then used for the
higher-level random effects analyses to examine activation across sub-
jects [FLAME (Beckmann et al., 2003; Woolrich et al., 2004)]. Regional
changes in brain activation were then identified in Z (Gaussianized T/F)
statistic images that were thresholded using clusters determined by Z >
2.3 and a (whole-brain corrected) cluster significance threshold of p <
0.05 (Worsley et al., 1992).

Identification of brain activation correlated with that of the periaq-
ueductal gray. To further characterize the relationship of regional
changes in brain activation observed during offset analgesia with ac-
tivation of the PAG, the time course of the BOLD signal within the
PAG was used as a regressor in a GLM analysis. After statistical thresh-
olding as above, this procedure identifies voxels exhibiting activation
that is correlated with that of the PAG. Signal fluctuations associated
with the white matter were identified and added to the statistical
model as nuisance variables.
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Results

Psychophysics

Subjects were instructed to provide real-time pain intensity rat-
ings using a continuous VAS while undergoing an fMRI scan and
receiving noxious thermal stimulation on their left lower leg. For
the three-temperature stimulus trains, pain ratings were signifi-
cantly lower after the decrease from 50°C (T2) to 49°C (T3) than
pain ratings at the same time point for constant 49°C stimuli
(F1,14) = 14.12; p < 0.0021) (Fig. 1). This represents a 22.53 *
5.01% difference in pain ratings reported for a thermal stimulus
of equal intensity and indicates that significant offset analgesia
was evoked. This decrease in perceived pain intensity lasted from
~7.5 s before beginning to rise toward a level that would be
evoked by a constant, 30-s-duration, 49°C stimulus.

Responses within the PAG region of interest

When the time course of BOLD signal change within the periag-
ueductal gray region of interest was examined, signal intensity
was found to dramatically increase after the decrease in stimulus
intensity from 50°C (T2) to 49°C (T3) (Fig. 1). This increase in
BOLD signal was significantly larger than the BOLD signal in the
periaqueductal gray during constant noxious thermal stimula-
tion (49°C) at the same time point (F(, ;,) = 12.34; p < 0.004).
BOLD signal started to increase ~1 s after the transition from T2
(50°C) to T3 (49°) and reached a peak ~6 s after the T2-T3
transition. When the lag in hemodynamic response, generally
between 4 and 7 s (Bandettini, 1999), is accounted for, the in-
crease in the neural activity underlying the BOLD signal is initi-
ated during the temperature shift and is maintained during the
decreasing phase of reported pain intensity. Thus, the PAG ex-
hibits activation during the period of offset analgesia.

Subcortical activation associated with offset analgesia

A hypothesis-independent whole-brain analysis revealed that the
number of supraspinal loci exhibited a dynamic activation profile
related to offset analgesia. Many of these areas were located in the
brainstem and are associated with descending modulation of
pain. During offset analgesia, a large, robust activation was iden-
tified in the midbrain at the level of the superior colliculus. This
activation was strongest close to the cerebral aqueduct in a region
that is consistent with the ventrolateral PAG (Fig. 2A). This same
region did not demonstrate differential activation during con-
stant noxious stimulation when compared with rest. Therefore,
when directly contrasted, the PAG exhibited significantly greater
activity during offset analgesia than during stimulation with nox-
ious heat (Fig. 2A). The consistency between the region of inter-
est findings and the activation detected in the PAG during the
nondirected search suggests that the whole-brain analyses have
sufficient sensitivity to detect focal activation at this level of the
neuraxis.

Although the PAG has direct projections to the spinal cord,
most of the modulatory efferent projections from the PAG reach
to the spinal cord indirectly via multiple nuclei throughout the
midbrain, brainstem, and cortical areas. Consistent with this
anatomical organization, several other structures in the mesen-
cephalon and brainstem were found to exhibit activity that was
correlated with offset analgesia (Fig. 2). Although there are nuclei
involved in descending control systems throughout the brain-
stem and pons, the vast majority of loci that are intrinsic to cen-
trifugal pain modulatory circuits are located in the anterior limit
of the pons and in the midbrain. Accordingly, activations within
these regions have been identified when offset analgesia was con-
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Figure 2.  Regions of the midbrain and brainstem exhibiting significantly different activity
during offset analgesia than during constant intensity (49°C) stimulation. Regions exhibiting
greater activity during offset analgesia (red—yellow) are consistent with the locations of the
following: A, the ventrolateral periaqueductal gray and dorsal raphe nucleus in the midbrain; B,
locus ceruleus (A6), the medial parabrachial nucleus (A7), the Kdlliker—Fuse nucleus, and nu-
cleus reticularis centralis superior (B6 and B8) near the level of the superior cerebellar peduncle;
€, the nucleus raphe magnus (B3), the nucleus reticularis gigantocellularis, and nucleus reticu-
laris parvocellularis at the level of the pontine-medullary sulcus; and D, an area consistent with
the nucleus tractus solitarius in the inferior medulla. Atlas overlay adapted from Duvernoy
(1995). In contrast to these regions, the ventromedial prefrontal cortex exhibited greater activ-
ity during constant intensity stimulation (4, blue). Image left corresponds to the subject’s right.
Colors correspond to z-score.

trasted with both rest and pain. In the midbrain, at the level of the
superior colliculus, a large activation centered on the ventrolat-
eral PAG extends ventrally to likely include the dorsal nucleus of
raphe (B7) (Fig. 2A). At the level of the superior cerebellar pe-
duncle, activation was identified in the caudal pons (Fig. 2 B).
This activation was centered on the midline and extended dorso-
laterally. Activity in this region is consistent with the location of
several important noradrenergic nuclei, including the nucleus
ceruleus/locus ceruleus (A6), the medial parabrachial nucleus
(A7), and Kolliker—Fuse nucleus, as well as the serotonergic cen-
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ter, nucleus reticularis centralis superior (B6 and B8). At the level
of the ponto-medullary sulcus, activations were found in dorsal
medial medulla (Fig. 2C). Several important serotonergic nuclei
have been identified at this level of the neuraxis, including the
nucleus raphe magnus (B3), the nucleus reticularis gigantocellu-
laris, and nucleus reticularis parvocellularis. In the inferior me-
dulla at the apex of the fourth ventricle, activation related to offset
analgesia was identified (Fig. 2 D). This activation in caudal me-
dial medulla extended ventrally and laterally. These areas have
been demonstrated previously to include noradrenergic nuclei
Al and A2, as well as the nucleus tractus solitarius.

Bilateral portions of the posterior thalamus were more active
during offset analgesia than during rest (Fig. 3). Although the
thalamus also exhibited greater activity during pain than during
rest, activity was significantly greater during offset analgesia than
during pain. This area of posterior thalamus is consistent with the
pulvinar and ventral posterior lateral nucleus (VPL). In close
proximity, activity at the posterior aspect of globus pallidus ipsi-
lateral to stimulation was more active during offset analgesia than
during pain, whereas the rostral globus pallidus was activated by
both pain and offset analgesia (Fig. 3). Additionally, the cerebel-
lum is frequently activated during functional imaging studies of
pain (Coghill et al., 1999; Peyron et al., 2000) (Fig. 3). Although
this study also found the cerebellum to be active during pain,
there was significantly greater activity throughout most of the
cerebellum during offset analgesia.

Cerebral cortical changes during offset analgesia

During pain, the contralateral primary somatosensory cortex (SI)
was found to be more active than during rest, whereas the ipsi-
lateral SI was deactivated (Fig. 3). During offset analgesia, both
ipsilateral and contralateral SI were less active than they were at
rest. This suggests that contralateral SI exhibits reduced nocicep-
tive processing during offset analgesia.

Bilateral portions of the insular cortex were activated both
during pain and offset analgesia (Fig. 3). However, a portion of
contralateral insular cortex was more active during offset analge-
sia than during pain. The dorsolateral prefrontal cortex (DLPFC)
was activated during noxious stimulation, and a similar region
was activated during offset analgesia. However, when directly
contrasted, a spatially restricted area of contralateral DLPFC was
found to be more active during offset analgesia than during pain.
The anterior cingulate cortex (ACC) was also found to be more
active in each condition than rest, yet the mid-cingulate cortex
(MCC) was more active during offset analgesia than during rest
or painful stimulation (Fig. 3).

In addition to differential activation of cortical areas, two ar-
eas of the brain that are often reported to be deactivated during
pain were found to be deactivated both during pain and offset
analgesia. The precuneus was deactivated in both conditions but
did not exhibit any significantly different deactivation when the
two conditions were contrasted (Fig. 3). However, the ventral
medial prefrontal cortex/subgenual anterior cingulate cortex
was significantly more deactivated during offset analgesia than
during pain (Fig. 3). Additionally, the dorsal medial prefrontal
cortex is deactivated during offset analgesia (Fig. 3). This same
region does not exhibit differential activation during painful
stimulation.

Correlation analysis of periaqueductal gray

Numerous brain areas activated during offset analgesia also ex-
hibited activity correlated with that of the PAG (Fig. 4). Subcor-
tically, large portions of the cerebellum, thalamus, putamen, and
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caudate exhibited bilateral, yet asymmet-
ric, activity that was correlated positively
with that of the PAG. The amygdala and
hippocampus also exhibited bilateral
correlated activity, with more spatially
extensive related activity occurring in
the left hemisphere. At the cerebral cor-
tical level, the ventromedial prefrontal
cortex exhibited activity that was nega-
tively related to that of the PAG.

Discussion

Endogenous pain modulatory mechanisms
have long been known to powerfully influ-
ence the processing of nociceptive infor-
mation. In general, their primary function
has been viewed primarily as gain control,
reducing the rostral flow of nociceptive
information to facilitate escape, feeding,
or mating in the presence of pain or to
amplify nociceptive information during
disease or injury (Millan, 2002; Fields,
2004). The present data indicate that the
PAG and related brainstem regions im-
portant in pain inhibition are transiently
activated during offset analgesia. With
such dynamic activation, their capacity
for gain control can be used for the tem-
poral filtering of nociceptive information.
Accordingly, activation of endogenous in-
hibitory systems during small decreases in
noxious stimulus intensity produces anal-
gesia and results in a disproportionately
large perceptual change.

The periaqueductal gray and Figure3.
offset analgesia

Of all the supraspinal regions that exhib-
ited activity correlated with offset analge-
sia, the activation within the PAG may be
the most physiologically significant. The
PAG was found to be more active during
offset analgesia than during rest or during
pain (Figs. 1-3). The activation was cen-
tered on the ventral PAG and extended laterally (Fig. 2). When
this region of the PAG is electrically stimulated in patients with
intractable pain, patients report analgesia and a feeling of
“well-being” (Young, 1989). Electrical and pharmacological
stimulation of the PAG can cause antinociception and analgesia
in animals and humans, respectively (Mayer et al., 1971; Hoso-
buchi et al., 1977). The ventrolateral PAG receives both the
afferent input and efferent output required for temporal filter-
ing. Afferent input that drives neuronal activity within the PAG
projects from the prefrontal cortex, amygdala, numerous medul-
lary and pontine nuclei, including both serotonergic [nucleus
raphe magnus (NRM), nucleus reticularis paragigantocellularis
(NRPG), and nucleus tractus solitarius (NTS)], and noradrener-
gic [locus ceruleus (LC), parabrachial nucleus (PB), Kolliker—Fuse
nucleus (KF)] nuclei, as well as sparse, yet functional spinal input
(Beitz, 1982; Mantyh and Peschanski, 1982; Millan, 2002; Lovick
and Bandler, 2005). The efferent connections of the PAG high-
light its importance to centrifugal control of pain. The PAG
projects directly to every level of the spinal cord (Castiglioni et al.,

correspond to z-score.

Offset Analgesia
vs. Rest
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Pain
vs. Rest

Offset Analgesia
vs. Pain

DLPFC
Precuneus/Cuneus

Insula
Thalamus
Globus Pallidus

Cerebellum
Caudal Medulla

Differencesin cortical and subcortical activation between offset analgesia and constant noxious stimulation (Pain). 4,
The contralateral Sl was activated during pain but deactivated during offset analgesia compared with rest. Accordingly, this region
exhibited significantly decreased activity in offset analgesia versus pain comparison. B, The DLPFC was activated during pain and
offset analgesia, but the right DLPFC was significantly more active during offset analgesia than during pain. The insular cortex (C),
thalamus (C-E), MCC (C-E), cerebellum (D, E), and PAG (D) all exhibited greater activity during offset analgesia than during pain.
In contrast, the ventromedial prefrontal cortex and subgenual ACC (C-E) were deactivated during both conditions but were
significantly more deactivated during offset analgesia than during pain. Image left corresponds to the subject’s right. Colors

1978; Mantyh, 1983b). Additionally, the PAG projects to other
brainstem nuclei (NRM, NRPG, LC, PB, and NTS), to the thala-
mus, and to cortical regions involved in pain processing (Hamil-
ton and Skultety, 1970; Beitz et al., 1983; Mantyh, 1983a,b; Jones,
1992; Lovick and Bandler, 2005; Sillery et al., 2005). Therefore,
the ventrolateral PAG has both the afferent and efferent pro-
jections as well as the physiological capacity to cause antino-
ciception and to significantly contribute to offset analgesia
and temporal filtering.

Role of brainstem inhibitory mechanisms in temporal
filtering of nociceptive information

Functional imaging of the brainstem can be complicated by tech-
nical factors, including Bg local field inhomogeneity-induced
signal loss, image distortion, poor spatial resolution, and motion
artifacts (Tracey and lannetti, 2006). Recently, several studies
have successfully imaged the brainstem using optimized acquisi-
tion paradigms to minimize these technical challenges (Tracey et
al., 2002; Topolovec et al., 2004; Dunckley et al., 2005). Although
MRI acquisitions in the present investigation were performed
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Figure 4.  Brain regions correlated with the PAG. Numerous brain regions exhibited activity
that was positively (red—yellow) or negatively (cyan—blue) related to that of the PAG. Image
left corresponds to subject’s right. Colors correspond to z-score.

conventionally, several lines of evidence suggest that the observed
brainstem activations are related to offset analgesia. First, the
activations observed in brainstem, as well as those in the mid-
brain, thalamus, and cortex, show BOLD activation in regions
that are known to be involved in nociceptive processing. Second,
the brainstem activations were highly focal and did not exhibit an
edge-like spatial distribution characteristic of motion artifacts.
Third, functional correlation of the PAG revealed focal and dis-
crete sites of brainstem activity similar to those identified in the
GLM analysis. Finally, the regressor used to identify these regions
had a time course that was significantly different and not likely
correlated with cardiac and respiratory cycles. Although we can-
not conclusively identify each of the activated brainstem nuclei,
areas of discrete activation were consistent with both serotoner-
gic (NRM, dorsal raphe nucleus, lateral reticular nucleus, and
NTS) and noradrenergic (LC, PB, KF, Al, and A5 cell groups)
nuclei (Fig. 2) (Duvernoy, 1995). Each of these nuclei has very
complex circuitry, with many reciprocal interconnections with
other nuclei involved in pain modulation (Willis, 1988; Jones,
1992; Gebhart, 2004). Finally, each of these regions has been
shown to produce analgesia when stimulated and has either di-
rect or indirect output to the spinal cord (Willis, 1988; Jones,
1992; Millan, 2002; Gebhart, 2004) and therefore could poten-
tially participate in the phenomenon of offset analgesia.

Cerebellar responses during offset analgesia

Extensive portions of the cerebellum were activated during offset
analgesia and exhibited activity that was correlated with that of
the PAG. Multiple regions of the cerebellum are commonly acti-
vated during pain (Borsook et al., 2008), and this activation may
represent both pro-nociceptive and anti-nociceptive functions
(Saab and Willis, 2003; Borsook et al., 2008). The robust activa-
tion of the cerebellum during offset analgesia is consistent with its
putative role in the regulation of information flow to and from
the somatosensory cortex (Borsook et al., 2008).
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Diencephalic and telencephalic responses during

offset analgesia

Several regions in the ventrobasal thalamus were activated during
both offset analgesia and pain but exhibited significantly greater
activity during offset analgesia than during pain (Fig. 3). The
location of these activations is consistent with nuclei that are
known to receive afferent nociceptive input. In chronic pain pa-
tients, stimulation of the VPL and ventral posteromedial nucleus
results in analgesia (Turnbull et al., 1980), and, in primate stud-
ies, such stimulation has been shown to inhibit spinothalamic
tract neurons (Gebhart et al., 1983). Inhibitory interconnections
between neurons in the thalamus could account for these effects.
Alternatively, these findings could reflect the activation of inhib-
itory interneurons in thalamus resulting from feedforward pro-
jections from PAG to thalamus (Mantyh, 1983a; Jones, 1992).

The contralateral primary somatosensory cortex was activated
during pain when compared with rest, yet the ipsilateral SI was
deactivated (Fig. 3). During offset analgesia, SI was deactivated
when compared with pain and rest (Fig. 3). Although any reduc-
tion in ascending nociceptive input would be associated with
decreased activity in SI, the finding of an SI deactivation during
offset analgesia suggests that this region may be actively inhibited
in a more direct manner during offset analgesia.

Regions such as the DLPFC, MCC, and insular cortex exhib-
ited significantly greater activity during offset analgesia than dur-
ing pain and, accordingly, could be involved in the generation or
maintenance of offset analgesia. In humans, the DLPFC has con-
nections with the PAG (Sillery et al., 2005; Hadjipavlou et al.,
2006), and electrical stimulation of the prefrontal cortex can pro-
duce antinociception in animals (Hardy and Haigler, 1985). The
MCQC has frequently been reported to participate in pain pro-
cessing and attention (Davis et al., 1997; Peyron et al., 2007).
Additionally, the MCC may be involved in pain modulation.
For example, the MCC exhibits increased activity during hypnotic
suggestions for analgesia as well as opioid analgesia (Faymonville
et al., 2000; Petrovic et al., 2002). Finally, the insular cortex
receives input from the thalamus, amygdala, as well as SII
(Friedman et al., 1986; Augustine, 1996). The insula is com-
monly thought to play a role in integrating sensory informa-
tion with its emotional context (Coghill et al., 1994) and can
be involved in pain modulation (Petrovic et al., 2002; Starr et
al., 2009).

Other regions of the cortex were deactivated during offset
analgesia. The precuneus and medial prefrontal cortex were de-
activated during both pain and offset analgesia (Fig. 3). The me-
dial prefrontal cortex and the precuneus have the highest resting
metabolic rates in the brain (Raichle et al., 2001). These regions
are commonly deactivated during sensory- and attention-related
tasks. The dorsal medial prefrontal cortex (MPFC) was more
deactivated during offset analgesia than during rest or pain (Fig.
3). The dorsal MPFC is suggested to contribute to introspective-
oriented mental activity (Gusnard et al., 2001). It is possible that
subjects are engaged in rating stimulus intensity and that this
deactivation is related to the subject’s focused attention to the
external stimulus.

Expectations and offset analgesia

Expectation and other cognitively driven factors may also con-
tribute to offset analgesia. This study was specifically designed to
minimize these potential confounds by varying the time of the
T2-T3 temperature shift. Moreover, recent data indicate that,
although the magnitude of offset analgesia increases over re-
peated testing sessions as expectations are learned, subjects still
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exhibit significant offset analgesia during the first testing session
(Derbyshire and Osborn, 2008). Together, these findings suggest
that offset analgesia and expectation represent independent phe-
nomena that use common inhibitory mechanisms to modulate
pain perception.

Conclusion and implications

Endogenous pain control mechanisms have long been known to
modulate the processing of afferent sensory signals. The present
data indicate that these mechanisms may contribute substantially
to the temporal filtering of afferent information. Descending
control mechanisms are commonly disrupted during chronic
pain disorders (Lautenbacher and Rollman, 1997; Staud et al.,
2003a; Julien et al., 2005; Yarnitsky et al., 2008). Consistent with
this disruption, patients with several chronic pain disorders re-
port painful aftersensations that may result from a loss of post-
stimulus inhibition (Noordenbos, 1959; Lindblom, 1985; Eide
and Rabben, 1998; Gottrup et al., 2003; Staud et al., 2003b). Fu-
ture experiments that investigate the temporal and spatial filter-
ing of nociceptive information will shed considerable light on the
mechanisms that support the sensory alterations that occur dur-
ing chronic pain and could lead to novel treatments for chronic
pain patients.
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